Saccharin sodium consumption is considered safe and beneficial, owing to its very intense sweetness without any associated calories, but supporting scientific data remain sparse and controversial. Herein, we demonstrate that dose-response relationships existed with regard to administration of saccharin or sucrose to mice for 35 days, and this association involved testis-expressed sweet-tasting molecules (taste receptor type 1 subunit 3 [T1R3]; G protein alpha-gustducin [Galpha]). Mouse body weights and testis weights in middle-and low-dose saccharin-treated groups were increased with up-expressions of molecules involved in testicular sweet taste and steroidogenic (middle saccharin: steroidogenic acute regulatory protein [StAR]; P450 cholesterol side-chain cleavage enzyme [CY-P11A1]; 17-alpha-hydroxylase/C17,20-lyase [CYP17A1]; low saccharin: StAR). Moreover, a high-dose saccharin-related decline in reproductive hormone levels and injuries to testis and sperm were observed to be associated with suppression of testicular T1R3 and Galpha, as well as steroidogenic-related factors (StAR; 3-beta-hydroxysteroid dehydrogenase [3-beta-HSD]; CYP11A1; CYP17A1; 17-beta-hydroxysteroid dehydrogenase [17-beta-HSD]), and activation of cleaved caspase-3. However, abnormalities of the testis and sperm in high-and middle-dose sucrose-exposed mice were related to the increased-cleaved caspase-3, but independent of T1R3 and/or Galpha. Collectively, our results clearly suggest that saccharininduced physiologic effects on testis are associated with testicular T1R3 and Galpha, which differed from sucrose. We hence call for a reassessment of the excessive use of sweeteners in daily life, especially artificial ones, considering their potential side effects.
INTRODUCTION
Saccharin sodium is one of the most widely used food or feed additives worldwide, owing to retention of appetite without increasing costs and caloric intake. Synthesized in 1879, saccharin sodium was increasingly introduced into daily foods and feeds, and is recommended as a new type of sugar substitute to combat increasing rates of overweight and obesity in human population [1, 2] . Recently, several studies showed benefits from its antihyperglycemic effect on diabetics [3, 4] , whereas others demonstrated consumption of such sweeteners might contribute to, rather than ameliorate, weight gain [5] , and increase preterm delivery risk [6] . Despite these controversial investigations, this type of noncaloric artificial sweeteners is approved by the U.S. Food and Drug Administration (FDA) for use in daily life, if taken in acceptable daily quantities.
Extensive metabolic studies have shown that saccharin, an efficient sweet taste agonist, does not undergo detectable metabolism in either animals or human beings [7, 8] . Although 66%-84% of saccharin was excreted in the urine and 10%-40% of the dose was recovered from the feces after dosing for 24 h, traces of saccharin radioactivity remained in many tissues after 72 h, including liver, heart, adrenals, pancreas, thymus, and testes [9] . These data raise the possibility that saccharin may have specific biological functions when entering into these tissues. Previous psychophysical studies have revealed that activating either sweet taste receptors (taste receptors family 1 [T1Rs]) or bitter taste receptors (taste receptors family 2 [T2Rs]) on taste receptor cells (TRCs) by sweet, umami, or bitter compounds initiates a common signaling cascade [10] . For saccharin, it can initiate a signaling cascade associated with taste receptors (sweet, T1R2 þ T1R3; bitter, T2R43/T2R44) [11, 12] and their heterotrimeric G protein gustducin (consisting of Ga and Gbc subunits) so as to trigger Ca 2þ signaling pathways and affect cAMP levels in taste cells [13] . T1R3 or Ga knockout mice showed a markedly reduced preference for saccharin [14, 15] . Recently, T1Rs and their downstream protein Ga are detected beyond the taste buds [16] . Further studies showed that saccharin augmented insulin secretion by increasing cAMP levels in pancreatic b cells [17] [18] [19] , and initiated an antiadipogenic signal by elevating cAMP content in T1R3-expressing HEK293 cells [20] . Immunolocalization experiments showed sweet taste receptors (T1R2/T1R3) and their Ga coexpressed in testes [21, 22] . Genetic absence of two sweet taste molecules (T1R3 and Ga, encoded by Tas1r3 and Gnat3) led to male-specific sterility [23] . Our previous work showed a stage-dependent expression pattern of T1R3 and Ga during mouse testicular development, and a cellspecific pattern during the spermatogenic cycle [24] . Hence, we hypothesize a functional role of testicular T1R3 and Ga in male reproductive physiology.
The testis is a principle organ in the male reproductive system, which is responsible for the formation of spermatozoa (spermatogenesis) and the synthesis of steroid hormones (steroidogenesis). Spermatogenesis contains three successive phases-mitotic (spermatogonia), meiotic (spermatocytes), and postmeiotic (spermatids)-from the periphery to the lumen of seminiferous tubules. Steroidogenesis is essential for normal male reproductive development and function. In Leydig cells, the luteinizing hormone (LH) secreted by pituitary binds to the LH receptor (LHCGR) to induce a LHCGR-complex interaction that activates the cAMP cascade. Cyclic AMP then activates the steroidogenic acute regulatory protein (StAR)-involved transduceosome formation, which transports intracellular cholesterol to the inner mitochondrial membrane, and initiates a classical steroidogenic pathway [25] [26] [27] [28] [29] . All these processes not only require a precise and well-coordinated program to regulate the constantly changing patterns of gene expression, but are also susceptible to the influences of a number of internal and external elements, including environmental agents, medications, dietary selection, and lifestyle factors. However, the molecular mechanisms underlying these processes are still largely unknown. Thus, the discovery of T1R3 and Ga coexpressed in haploid male germ cells may provide a new insight into the interaction of mammalian male germ cells with environmental activators and toxicants. Therefore, the objective of this study was to determine the effects of orally administered saccharin sodium on testicular functions in male ICR mice.
MATERIALS AND METHODS

Animals and Ethics Statement
All experiments were performed in accordance with the guide for the Care and Use of Laboratory Animals prepared by the Institutional Animal Care and Use Committee of Nanjing Agricultural University (Nanjing, China). A total of 84 ICR male mice weighing 44.30 6 2.36 g (about 8 wk old) were obtained from Qinglongshan Experimental Animal Company (Nanjing, China), and housed in groups of two per cage, under the same laboratory conditions consisting of a 12L:12D cycle (lights from 0800 to 2000 h), a minimal relative humidity of 40%, and a room temperature of 23 6 28C.
Experimental Design
After 1 wk of adaptation to normal rodent diet (D12450B; Qinglongshan Experimental Animal Company), water ad libitum, and housing conditions, mice were randomly divided into 7 groups consisting of 12 mice in each group, for 5 wk of exposure (see Table1). The feed-added levels of saccharin (obenzoic sulfimide sodium salt dihydrate; B0131; Tokyo Chemical Industry, Tokyo, Japan) were optimized around the values from previous studies [30] [31] [32] , and added sucrose (Xilong Chemical Co., Ltd., Guangzhou, China) with equivalent sweetness in feed [33] . Administered amounts of sweeteners in water were as previously described [34, 35] .
Water, Food Intake, and Daily Weight Gain
Water and food intake measurements were performed every 2 days in the morning, and body weight measurements were conducted every week at 0900 h in a procedure room.
Tissue Preparation
After a 6-h fast, weighed mice were killed to collect blood and tissues on the 35th day of treatment. Blood samples were centrifuged at 4000 rpm for 10 min to retrieve sera for biochemical analysis. The testicular tissues were collected and weighed, with one portion fixed in modified Davidson fluid (mDF) for morphologic and immunohistochemical (IHC) examination, and the remainder frozen and kept at À808C for Western blotting (WB).
Biochemical Analysis
Levels of fasting serum glucose, serum triglyceride (TG), and total cholesterol (TC) were measured spectrophotometrically using commercially available kits (F006/A110-1/A111-1; Jiancheng Bioengineering Institute, Nanjing, China), and the intraassay coefficients of variation for glucose, cholesterol, and TG measurements were less than 5%, 5%, and 3%, respectively.
Serum hormone concentrations of testosterone, LH, and estradiol (E2) were determined quantitatively by radioimmunoassay (RIA) using commercial kits (S10940093/S10950161/S19973002; North Institute of Biotechnology, Beijing, China), respectively, at the General Hospital of the Nanjing Military Command, PR China. RIA kits were obtained from Shanghai University of Traditional Chinese Medicine, PR China. The sensitivities of testosterone, LH, and E2 determinations were 0.02 ng/ml, 1.0 mIU/ml, and 5 pg/ml, respectively. Intraassay coefficients of variation were all ,10%, and interassay coefficients of variation were ,15% for total testosterone, LH, and E2.
Morphologic Observations
After fixing the testes in mDF at room temperature for 12 h [36] , tissues were dehydrated through a graded series of ethanol, cleared with xylene, embedded in paraffin wax, sectioned at 5 lm, stained with hematoxylin and eosin (H&E; Nanjing Jiancheng Bioengineering Institute, Nanjing, China), and viewed using a light microscope (Nikon, Tokyo, Japan).
Sperm Quality
Sperm preparation. Sperm from adult mice were isolated as described previously [37] . We carefully dissected two sides of the caudate epididymis, briefly washed them once in saline (378C), freed them of fat and connecting tissue, and then transferred them to 1 ml artificial human tubular fluid (HTF; 378C) medium recipe as previously described [38] . We incised the epididymides several times to allow the sperm to exude into the medium, and placed it for 10 min at 378C. After removing the remaining epididymal tissues, an aliquot of sperm suspension was weakly homogenized for a few seconds and incubated at 378C until use.
Sperm count. To determine the number of mature sperm in the epididymis, the sperm suspensions were diluted 1:10 (v/v) in normal saline, and 10 ll of dilution was counted in a Neubauer chamber by the method recommended by the World Health Organization (WHO) [39] .
Sperm motility. Computer-assisted sperm analysis (CASA) for motility assay was performed as described previously [40] . In the current study, sperm motility was assessed at the Quality Supervision & Test Center of Cattle Frozen Sperm of the Ministry of Agriculture (Nanjing, China), according to the method described in the accompanying manual SpermVision (3.5), using the CASA system, SpermVision (Minitüb, Tiefenbach, Germany), equipped with a phasecontrast microscope (Olympus CX31) with a high-resolution chip camera (60 frames/sec) and with a heating platform (378C). A total of 50 ll of sperm suspension was transferred to a 100-ll drop of HTF covered with mineral oil and incubated at 378C for 10 min. Then, we dropped 10-ll samples into a 378C prewarmed slide. Measurements occurred approximately 15-30 sec after covering the slides. Analysis was based on the examination of 20 measurement fields per slide with a total of 2000 spermatozoa per sample. We then recorded the following parameters (units): rapid sperm (!25 lm/sec; % of total), slow sperm (5-24 lm/sec; % of total), nonprogressive sperm (,5 lm/sec; % of total), and immotile sperm (% of total).
Sperm viability. Sperm viability was assessed by examining eosin Ystained epididymal sperm as recommended by the WHO [41] . The sperm suspension was diluted 1:10 (v/v) in HTF before and 10 ll of dilution was dropped onto a prewarmed slide (378C), mixed with a drop (.10 ll) of 0.5% eosin Y-staining solution, and incubated for 30 sec. The dead sperm percentage was assessed in 10 random (at least 500 spermatozoa) fields using an optical microscope (1003 magnification) for each preparation. Dead spermatozoa stained pink, because their membrane integrity is compromised, causing dye (eosin) uptake.
Sperm abnormality. For the assessment of sperm morphology, we used a method from previous studies [42] . Sperm morphology was evaluated using 1% eosin Y-stained smears. A total of 500 spermatozoa were evaluated in random fields. To be classified as normal, a sperm cell must have a hook-shaped head and no defects of head, neck, or tail. Otherwise, spermatozoa were considered to be abnormal.
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Proteins from mouse testes were prepared for WB analysis in RIPA lysis buffer (P0013B; Beyotime, Nantong, China) containing 10 mM PMSF (ST506; Beyotime) using a Dounce homogenizer. After homogenization, samples were incubated for 30 min on ice, and centrifuged at 12 000 rpm for 10 min at 48C. The supernatant was separated and the protein concentration was detected with a BCA Protein Assay Kit (P0010; Beyotime). In each experiment, equal amounts of sample lysate (40 lg) were separated by 10% (w/v) SDS-PAGE under standard reducing conditions with precision protein molecular weight markers (P0068; Beyotime), and then electrotransferred onto PVDF membranes (K5AA6843H; Millipore, Bedford, MA). Membranes were blocked with 5% skimmed milk powder in TBST buffer (20 mM Tris-buffered saline, 0.05% Tween 20, pH 7.5) for 2 h at room temperature and incubated for 16 h at 48C with diluted antibodies (see Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org). Subsequently, the membranes were washed with fresh TBST buffer and incubated with HRP-linked secondary donkey antigoat IgG antibody (A0181, diluted 1:3000; Beyotime), and goat antirabbit or antimouse IgG antibodies (SN134/SN133, diluted 1:3000; NanJing Sun Shine Biotechnology Co., Ltd., Nanjing, China) at room temperature for 2 h, respectively. Finally, the blots were washed four times with TBST and protein bands were detected with Pierce ECL WB Substrate (#32109; Thermo Scientific, Rockford, IL). Signals were visualized using a Luminescent Image Analyzer LAS4000 (Fuji Film, Tokyo, Japan); and densitometry was performed using ImageJ software (http://rsbweb.nih.gov/ij/) to calculate the arbitrary densitometric ratio of target protein bands to corresponding a-tubulin.
Immunolocalization of T1R3 and Ga in Mouse Testis
IHC staining was performed to examine the localization and expression of T1R3 and Ga in the mouse testis. After being deparaffinized and hydrated in a consecutive series of xylene and ethanol, the sections (5 lm) were heated in 0.01 mol/L citrate buffer for 5 min in a microwave pressure cooker. The endogenous peroxidase activity and nonspecific binding were blocked with H 2 O 2 and bovine serum albumin (A4737; Sigma-Aldrich Chemical Co., St. Louis, MO) for 1 h, respectively. Slides were incubated overnight at room temperature with antibodies T1R3 (diluted 1:150) and Ga (diluted 1:200). The immunoreactivity of these specific proteins were detected with goat IgG or rabbit IgG-SABC kits (SA1023/SA2002; Boster Biological Technology, Wuhan, China) and visualized with 0.05% 3,3 0 -diaminobenzidine tetrachloride (D8001; Sigma-Aldrich Chemical Co.) in 10 mmol/L PBS containing 0.01% H 2 O 2 for 1 min. The negative control sections were incubated with PBS instead of the primary antibody. Finally, the reacted sections were counterstained with hematoxylin solution and mounted with coverslips, and images were captured under a microscope (Nikon YS100; Nikon, Tokyo, Japan). Staining was evaluated throughout the entire testicular slice, and we observed several seminiferous tubules per slide. Expression patterns were established following the evaluation of a minimum of 24 slices (3 slices/testis 3 8 animals) for each protein (plus 24 twin-cell marker slides) for each of the seven groups evaluated.
Statistical Analyses
All results are expressed as mean 6 SD and were analyzed with GraphPad Prism 5 (GraphPad Software, Inc., San Diego, CA). Two-way ANOVA was used for analyzing daily water consumption, daily food intake, and body weight gain data, and Tukey range test was used for multiple comparisons. Daily food intake and daily water consumption were determined by one-way ANOVA with Tukey range test applied for multiple comparisons (Figs. 2, 4, 5; Supplemental Figs. S2, S3). Significant differences were considered at P , 0.05.
RESULTS
Body Weight, Water Consumption, and Food Intake
To assess the metabolic effects of saccharin or sucrose on adult male mice, we first document the change of mouse body weight. Compared with the control group, the body weight significantly increased in the middle-dose saccharin-treated group in the 4th and 5th wk, and increased in low-dose saccharin-treated group in the 5th wk, while no difference was found in the other groups (Fig. 1A) . To determine whether energy consumption accounted for these changes, details of food intake and water consumption are depicted in Supplemental Figure S1 . Food intake (red box in Supplemental Fig.  S1A ) and water consumption (red box in Supplemental Fig.  S1B ) among these groups changed only in the first 2 wk. The change in body weight of middle-and low-dose saccharin groups were found to occur with significant cumulative differences in food intake and water consumption in the first 2 wk (Fig. 1) . These data also show that food intake in the lowdose sucrose group was significantly increased in the first 2 wk compared to controls (Fig. 1B) , while mice in the high-dose saccharin group increased their water consumption significantly in the first 2 wk (Fig. 1C) . There was no substantive change between other groups and the control group in food intake or water consumption in the first or last 2 wk.
Testis Weight, Visceral Organ Weights, and Related Biochemical Indexes
To determine whether the changes in weight associated with saccharin or sucrose corresponded to changes in body composition, weight of the primary viscera (including heart, liver, lung, kidney, and spleen), and especially testis and their relative weights, were measured in this experiment ( Fig. 2A , Supplemental Figs. S2A and S3). Mice exposed to saccharin had elevated fasting testicular weight in the low-/middle-dose groups during this period ( Fig. 2A) , but showed no differences in visceral organ weight (Supplemental Fig. S2A ), or relative testicular or visceral weights (Supplemental Fig. S3, A and B) . Mice in other groups manifested no changes in testis weight, or in relative testis and visceral organ weights.
To evaluate whether the saccharin-or sucrose-exposure increase in body weight was due to an effect on glucose homeostasis and energy balance of mice, we measured serum glucose, TG, and TC levels in fasting (6 h) mice after 35 days of exposure (Supplemental Fig. S2 , B-D). We found that saccharin-treated mice had significantly increased blood glucose concentrations compared with controls and the lowdose sucrose group (Supplemental Fig. S2B ). However, no significant difference was detected in either TG (Supplemental Fig. S2C ) or TC (Supplemental Fig. S2D ) level among the seven groups.
To investigate the underlying mechanisms responsible for the higher testicular index in mice administered saccharin, three male reproductive hormones, including testosterone, E2, and LH, were evaluated (Fig. 2, B-D) . The lowest testosterone concentration was observed in the high-dose saccharin group, but no difference was noted with middle-and high-sucrose groups (Fig. 2C) . The low-dose sucrose and middle-dose saccharin groups' LH concentrations were higher than in the high-dose saccharin group (Fig. 2B) , while high-dose saccharin-treated mice exhibited a lower E2 level (Fig. 2D ).
Morphologic Observations
To assess whether saccharin and sucrose exposure altered testicular morphology and/or germ cell proliferation, we examined the cellular organization of the seminiferous epithelium in H&E-stained sections of mDF-fixed and paraffin-embedded testes. Compared with the control group, high-dose saccharin-treated testes exhibited serious damage from the periphery (Supplemental Fig. S4 , B-B1) to the lumen (Fig. 3, B-B2 ) of seminiferous tubules. At higher magnification, wide-area seminiferous epithelial cells (including spermatids and pachytene spermatocytes) exfoliated from the basal layer of tubules (Fig. 3B1) , as well as clusters of discohesive spermatogenic cells (Fig. 3B2) , were visible in the high-dose saccharin group. In the high-/middle-dose sucrose groups, we SACCHARIN AND SUCROSE AFFECT TESTIS FIG. 1. Food intake, water consumption, and body weight of mice during the experiment period. A) Each point represents the average body weight of mice during every week between sucrose-/saccharin-treated groups and the control group. Significant differences were assessed by randomized two-way ANOVA and Tukey multiple comparison test. Data are expressed as mean 6 SD (n ¼ 12). Significant differences were considered at P , 0.05, and are shown as different superscript letters. B and C) Each bar represents daily food intake and water consumption by mice in the first 2 wk and last 2 wk among seven groups. Data are expressed as mean 6 SD (n ¼ 6). Significant differences were determined by one-way ANOVA with Tukey range test applied for multiple comparisons. Different superscript letters denote statistically significant differences among groups (P , 0.05), with each group representing six cages.
GONG ET AL.
also observed a certain number of exfoliated cells (mainly spermatids and pachytene spermatocytes) and discohesive cells, instead of the ordered concentric layers with different developing germ cell populations in the lumen of seminiferous tubules (Fig. 3 , E-E2 and F-F2, and Supplemental Fig. S4 , E-E1 and F-F1). However, there appeared to be no effect of other dosages of saccharin or sucrose on testicular morphology (Fig.  3, C-C2, D-D2 , and G-G2, and Supplemental Fig. S4 , C-C1, D-D1, and G-G1).
Sperm Quality
With regard to a potentially severe morphologic impairment of sucrose/saccharin-treated testes, we hypothesize that the observed spermatogenic abnormalities and the increase in apoptosis during spermatogenesis may exert detrimental impacts on physiologic sperm function. Thus, sperm quality (including sperm count, viability, motility, and abnormality) was evaluated. The quality of mature spermatozoa is usually assessed by the described sequence of mitotic and meiotic divisions, but also by a regulated sorting of nonviable or genetically compromised germ cells, typically mediated by apoptotic selection during spermatogenesis [43] . In the present study, it was shown that the total sperm number was significantly decreased in the high-dose saccharin group compared with the middle-/low-dose saccharin and control groups (Fig. 4A) . Moreover, sperm viabilities in the high-dose saccharin and middle-dose sucrose groups were lower than control, low-dose saccharin groups (Fig. 4B) . Quantifying different motility variables, including rapid (white), slow (blue), nonprogressive (grey), and immotile sperm (black) with CASA, we found that the number of rapid sperm in the high-dose saccharin group was clearly decreased, while the number of immotile sperm was significantly increased. The high-dose and middle-dose sucrose groups showed a decrease in the number of rapid sperm compared with the control or low-dose saccharin groups, and showed increased numbers of slow sperm compared with the high-dose saccharin groups and numbers of nonprogressive sperm compared with the control group (Fig. 4C) . Accordingly, in the high-dose saccharin group, the frequencies of sperm with tail abnormalities were higher than in the other groups, while higher head abnormalities were also observed in the high-/middle-dose sucrose groups compared with other groups (Fig. 4, D and E) . Collectively, high-dose saccharin-treated sperm showed lower sperm count, sperm viability, and sperm motility (primarily as lower percentages of rapid sperm and higher percentages of immotile sperm), as well as higher sperm abnormality rates, owing to higher sperm tail and head abnormalities. Middledose sucrose-treated sperm exhibited higher sperm viability, lower sperm motility (lower percentages of rapid sperm and higher percentages of nonprogressive sperm), and higher sperm abnormality rates (both on tails and heads). However, except for lower sperm viability, there were no differences between the middle-and high-dose sucrose groups. In addition, the control, low-dose sucrose, low-dose saccharin, and middledose saccharin groups were not statistically different with regard to sperm quality in our experiment.
Western Blotting
The significant changes observed in hormone levels of saccharin-exposed testes raised the possibility that these changes relate to testicular sweet sensing and steroidogenesis. Therefore, the expression of sweet-sensing molecules (T1R3/ Ga) and steroidogenic-related factors (StAR protein; P450
FIG. 2. Testis weight and serum reproductive hormone levels of mice after 35-day treatment. A-D)
Each bar represents testis weight (mg), serum LH (IU/ml), testosterone (T; nmol/L), and estradiol levels (E2; pmol/L) of mice after treatment for 35 days among 7 groups. Results are shown as mean 6 SD (n ¼ 10). Statistical differences were determined by one-way ANOVA followed by Tukey multiple comparison test. Different superscript letters denote significant differences among groups (P , 0.05). (Fig. 5) . Specifically, the high-dose saccharin group exhibited lower expression of T1R3, Ga, StAR, CYP11A1, 3bHSD, CY-P17A1, and 17bHSD in their testes compared to other groups (Fig. 5, A1-G1 ), which appeared to support our observation of the aforementioned changes in hormone levels and testicular damage. Unlike the high-dose saccharin group, the expressions of T1R3 and Ga in the middle-and low-dose saccharin groups were increased compared with the other groups (Fig. 5, A1 and B1). Moreover, the expression of CYP11A1 and CYP17A1 was also increased in the middle-dose saccharin group, while we observed increased StAR expression in both the middledose and low-dose saccharin groups compared with the control and high-dose saccharin groups (Fig. 5, C1 , D1, and F1). These results are consistent with a tendency for increasing testosterone and LH levels in the middle-dose saccharin group. Although there were no differences in hormone levels among sucrose-treated groups, there was an increased tendency of StAR expressed in these groups. No differences were found between the sucrose groups (low, middle, and high dose) and the control group.
To investigate the mechanism underlying serious impairment of sucrose/saccharin-exposed testes and sperm, we also measured the expression of apoptosis execution enzymes (caspase-3 and cleaved caspase-3) in exposed testes. In this experiment, we found a higher expression of cleaved caspase-3 in the high-dose saccharin group compared to other groups, while the middle-and high-dose sucrose groups showed increased expression of cleaved caspase-3 compared to control, middle-dose saccharin and low-dose sucrose groups (Fig. 5I1) . Other groups did not exhibit significant differences with respect to these proteins.
IHC Examinations
Based on our previous work [24] , we selected the strong (VII-VIII) and weak (X-XI) expression stages of T1R3 and Ga during spermatogenesis to evaluate the localization and expression of T1R3 or Ga in the mouse testis (Fig. 6) . In this study, we found that the immunoreactions of anti-T1R3 antibodies on Leydig cells and stage VII-VIII late spermatids in the high-dose saccharin group were weaker, and other groups appear to be no different than the control group (Fig. 6 , A-G and A1-G1), while the weak expression of T1R3 in stage X-XI late spermatids was observed to be no different among seven groups (Fig. 6, A2-G2 ). In addition, a faint staining with the anti-Ga antibody was also observed on stage VII-VIII and X-XI late spermatids in the high-dose saccharin group, but was not detected in other groups compared with control groups (Fig. 6, I -O, I1-O1, and I2-O2). However, there appear to be no significant changes of anti-Ga immunoreaction on Leydig cells after saccharin or sucrose treatment (Fig. 6, I -O, I1-O1, and I2-O2).
DISCUSSION
Saccharin is widely used as an additive in the food and feed industries, but its biologic effects on body health have not yet been determined. Although saccharin consumption is considered safe and beneficial by the FDA, the latest studies have shown negative effects of saccharin exposure on glucose homeostasis [44] [45] [46] and adipose metabolism [20, 47] . In mice, an earlier study on the reproductive effects of saccharin has shown that saccharin reduced fertility only at a high concentration (8.1 g/kg/day), which also significantly reduced water consumption and increased mortality, while, at low and middle concentrations (3.5 and 5.9 g/kg/day), there were no effects on body weight, motility, or litters of F 0 generation, as well as reproductive performance of F 1 generation, in spite of increased water consumption [48] . In addition, our current results show that exposure to saccharin for 35 days affected mouse testicular function in a dose-response manner: saccharin decreased male reproductive performance at a high dose (total exposure amount, 16.2 g/kg, see Supplemental Table S2) , while, at low and middle doses (total exposure amount, 1.38 and 7.36 g/kg, see Supplemental Table S2 ), saccharin exhibited a positive reproductive effect. These differences may result from the different administration dosage of saccharin and the mouse strains [32, 34] .
Originally characterized in the tongue as a mediator of sucrose and saccharin preference, the presence of sweet taste receptors and their downstream protein Ga in the nongustatory organs, such as testis [21, 22, 24 , 49], brain [50] , bladder [51] , adipose tissue [20] , gut [52] , and pancreas [19] , and their GONG ET AL. metabolic roles in the latter two tissues, have now been described [18, 19, [53] [54] [55] . In the enteroendocrine cells of the small intestine, sweet taste receptors increased glucose uptake and release of an incretin hormone (glucagon-like peptide 1
[GLP-1]) after binding with sweeteners [55] . In addition to glucose-stimulated secretion of GLP-1, peptide tyrosinetyrosine was reduced by a sweet taste antagonist [56] , but not cholecystokinin (CCK) [57] . Recent studies found that FIG. 4 . Biological quality of sperm from saccharin-/sucrose-treated-mice. Sperm samples collected from both sides of the cauda epididymides of the saccharin groups, sucrose groups, and control groups were used to determine the sperm count (A), sperm viability (B), sperm motility (C), and sperm morphologic abnormalities (D and E). All values are the means 6 SD (n ¼ 8). Statistical differences were determined by one-way ANOVA followed by Tukey multiple comparison test. Different superscript letters denote significant differences among groups (P , 0.05).
SACCHARIN AND SUCROSE AFFECT TESTIS
FIG. 5. Expression of sweet-tasting proteins (T1R3 and Ga), steroid hormone-related proteins (StAR, CYP11A1, 3bHSD, CYP17A1, and 17bHSD), and apoptosis-related proteins (capase-3, and cleaved caspase-3) in mouse testes after 35 days of exposure. (A-I) The protein bands of T1R3, Ga, StAR, CYP11A1, 3bHSD, CYP17A1, 17bHSD, a-tubulin, and capase-3 (and cleaved caspase-3), respectively. (A1-I1) The relative expression levels of T1R3, Ga, StAR, CYP11A1, 3bHSD, CYP17A1, 17bHSD, and capase-3 (and cleaved caspase-3), respectively. The a-tubulin was used as an internal control. Relative expression level was calculated by dividing target protein signal intensity by corresponding a-tubulin. Results are shown as mean 6 SD (n . 3). Statistical differences were determined by one-way ANOVA followed by Tukey multiple comparison test of each protein. Bars with different letters are significantly different (P , 0.05).
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these receptors acted on the pancreatic b cells, and mediated stimulatory effects of sweeteners on glucose-induced insulin secretion with Ca 2þ and cAMP-dependent mechanisms [19, 58, 59] . Similarly, the functions of T1Rs in mammalian spermatozoa are also related to their Ca 2þ and cAMP concentrations [22] . As a special high-potency artificial sweetener, once binding to sweet taste receptor (T1R2 þ T1R3), saccharin rapidly initiates a sweet GPCR signaling pathway mediated by T1R2/3-G protein gustducin to elevate cytoplasmic calcium concentration ([Ca 2þ ] i ) [10] and increase cAMP [60] in taste cells. Interestingly, psychophysical studies have revealed that saccharin induced sustained elevation of cAMP concentrations, but did not increase [Ca 2þ ] i in pancreatic b cells, owing to multimodal function of its sweet taste receptor [17, 18] . However, cAMP and PKA are known to be key regulators of steroidogenesis in Leydig cells [61, 62] . In Leydig cells, the higher cAMP levels are essential to produce testosterone in response to LH. In the present study, the differential changes found in LH level after high-and middle-/ low-dose saccharin treatment suggest that there are pituitary effects altering LH, and these changes are related to different levels in testosterone production. Although the expressions of sweet taste molecules in the brain have been described [50] , their nongustatory functions remain unclear. Whether pituitary effects (altering LH) were related to sweet taste molecules expressed in brain or testis, even in the hypothalamic-pituitarytestis axis, warrants further study. Apart from LH, a trend toward higher circulating serum concentrations of testosterone also observed in the middle-dose saccharin-treated group was also reported with administration of saccharin to neonatal mice [63] . In further agreement, we showed increased sweet-sensing molecules (T1R3 and Ga) and up-regulated steroidogenic enzymes in low-dose (StAR) and middle-dose (StAR, CYP11A1, and CYP17A1) saccharin-exposed mice. These data raised the possibility that testicular sweet taste-sensing molecules (T1R3/Ga) expressed in testis act on reproductive hormone via cAMP-dependent mechanisms (Fig. 7) .
However, it should be noted that saccharin binds sweet taste receptor (T1R2/3) at a lower concentration (hT1R2/hT1R3, half maximal effective concentration [EC 50 ] ffi 0.1 mM) [64] , while, at a higher concentration (hTAS2R43, EC 50 ffi 1.7 mM hTAS2R44, EC 50 ffi 1.1 mM), it turns to bind bitter taste receptor (T2Rs) [65] . Both sweet and bitter taste receptors are expressed in testes [21, 66] , but their biological functions are still obscure. Notably, activating either T1Rs or T2Rs on TRCs by sweet or bitter compounds initiates a common signaling cascade [10] . When a tastant binds to the receptor, the taste GPCRs activate the specific heterotrimeric GTP-binding protein (consisting of Ga and Gbc subunits), to increase SACCHARIN AND SUCROSE AFFECT TESTIS receptors expressed in numerous tissues beyond tongue, and their nongustatory function in these tissues mainly focuses on activation of Ca 2þ signaling pathways [67] [68] [69] . Several studies have shown that elevated [Ca 2þ ] i was responsible for caspase-3 activation of the apoptotic pathway [70] [71] [72] . Whether activation of bitter taste receptor using high-dose saccharin in this experiment contributes to the suppression of expression of testicular sweet-sensing molecules and increase apoptosis by calcium signaling requires further study. Aside from Ca 2þ signaling pathways, bitter taste receptors initiate a signaling cascade that has also been reported to decrease cAMP levels in taste cells. High-dose saccharin either activates a bitter taste signal pathway or reduces sweet taste sensing mediated by T1R3-Ga to decrease the intracellular cAMP content. A lower cAMP level is regarded as a negative effect on steroidogenesis in the testis, which could explain the suppression of steroidogenesis in our high-dose saccharin-exposed testes. Finally, these effects of high-dose saccharin lead to attenuated sperm quality (including sperm count, viability, motility, and augmented abnormalities). These findings indicate that the effects of saccharin exposure for 35 days on testis function is related to the testicular T1R3 and Ga.
Our knowledge of the effects of artificial sweeteners on nongustatory organs is still rudimentary. A majority of the studies have focused on clarifying the relationship between artificial sweeteners and metabolic derangement [73] [74] [75] . Male rats given high-intensity sweeteners exhibited increased energy intake and body weight gain compared to those given the caloric sweetener [76] . Consistently, we also observed increased body weight and food intake, as well as water consumption, in middle-dose and low-dose saccharin-treated mice compared to those given sucrose or vehicle. The deficits in regulating energy balance are based upon the disruption of a learned signaling relationship between the ability to taste sweetness and caloric or energetic outcomes [77] . In addition, the high blood glucose level observed with saccharin exposure in this experiment has also been reported in previous studies [63, 77] . Currently, the prevailing thought is that this mechanism is related to gut microbiota mediating artificial sweetener-induced glucose intolerance [44] [45] [46] 78] . These results suggest that the metabolic effects of artificial sweeteners stem from a disturbance of gut microflora.
In the present study, it was found that exposure to middle and high concentrations of sucrose (at equivalent sweetness to FIG. 7 . The proposed mechanisms underlying saccharin-mediated steroidgenesis in Leydig cells entail increased intracellular cAMP levels and induction of apoptosis through disruption of intracellular calcium homeostasis in the mouse testis. Low-and middle-dose saccharin via one or more coupled GPCRs (presumably T1R heterodimers) activate a GPCR-Gs-cAMP signaling cascade, leading to an increase in cAMP, while high saccharin presumably binds to activate bitter taste receptors coupled to the a subunit of Gq, and activating the GPCR-Gq cascade, which causes a decrease in cAMP in the Leydig cell. An increase in intracellular cAMP activates protein kinase A, which induces the expression of StAR. StAR then transports intracellular cholesterol into the mitochondrial inner membrane. Cholesterol is the initial substrate used by CYP11A1, and is converted into pregnenolone in the mitochondria. Pregnenolone diffuses out of the mitochondria and is converted by the microsomal enzyme 3bHSD to progesterone, and the latter is then converted to androstenedione and testosterone sequentially by CYP17A1 and 17bHSD, respectively. Finally, androgen is converted to estradiol by P450 arom. In addition, the potential apoptotic mechanism of high-dose saccharin exposure may be related to testicular taste receptors (T1Rs and T2Rs) and their downstream Ca 2þ signal pathway.
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saccharin) significantly disturbed spermatogenesis and sperm motility. These results are consistent with recent animal experimental data [79, 80] . Male mice fed added sugar containing 25% kcal of their total energy intake had 25% fewer offspring per population than did control male mice [80] . Moreover, a lower sperm motility (total and progressive) was observed in young, healthy men with high consumption of sugar-sweetened beverages [79] . In addition, numerous reports have demonstrated that excess sugar consumption was linked to a rise in noncommunicable diseases [81] , such as cardiovascular disease, metabolic syndrome, obesity, and type-2 diabetes. These metabolic diseases related to lower sperm quality have also been reported in previous studies [82] [83] [84] . In agreement, we also found a higher expression of apoptosis proteins in middle-and high-dose sucrose-exposed testes. Testicular apoptosis is a part of the normal program of mammalian testicular development, aimed at maintaining testis homeostasis by controlling appropriate germ cell populations. Excessive stimulation of testicular apoptotic pathways may result in poor sperm quality in semen. A 2015 study indicated that sugar activated a T1R2 þ T1R3-independent taste transduction pathway to induce cephalic-phase insulin release in mice [85] . In summary, we speculate that the negative effects of sucrose on sperm motility and testis occur by stimulation of apoptosis, via a T1R3/Ga-independent mechanism. Different biological functions were exhibited between the above two types of sweeteners (showing equivalent sweetness) administered to adult male mice. Generally, saccharin and sucrose represent noncaloric sweeteners and caloric sweeteners, and both of them are widely used in the food-or feedprocessing industries. The former is metabolized to produce energy, while the latter is eliminated in the urine without being metabolized. From this perspective, saccharin appears to exert a greater influence on testis compared to sucrose. The worst damage to testis and higher apoptotic protein expression was observed in the high-dose saccharin rather than the high-dose sucrose groups, which may support the above speculation. Unlike that in saccharin groups, fasting serum glucose levels were not influenced by sucrose exposure. Based upon biochemical and electrophysiological studies of TRCs, two models for sweet taste transduction have been proposed to explain the different biologic functions between sugar and artificial sweeteners [60, 86] . In addition, diverse patterns of intracellular signals generated by sweet agonists have been reported in the pancreatic b cells [17, 18] . Whether this signaling difference between sugar and artificial sweeteners associated with distinct expression on sweet tasting molecules (T1R3/Ga) and steroidogenic-related factors (StAR, CY-P11A1, 3bHSD, CYP17A1 and 17bHSD) remains obscure.
In this study, we evaluated dose-response relationships of saccharin exposure on mouse testis, and found that the resulting effects involved testicular sweet-sensing molecules (T1R3/Ga), the steroidogenic pathway, and/or apoptosis (Fig.  7) . We believe that the mechanism whereby sucrose induces abnormalities in testicular function is related to the apoptotic mechanism, but that independent perception of sweet taste is mediated by T1R3 and/or Ga. Future studies will need to clarify the mechanisms of these aforementioned effects. For saccharin, deciphering the role of sweet and bitter taste receptors in the testis and how they interact in vivo are key to understanding the mechanisms subserving the regulation of testis biology by absorbed saccharin. How the induced metabolic abnormalities negatively influence testis function constitutes a major controversy for the routine daily use of dietary sucrose. Although the testicular effects of saccharin or sucrose were investigated in the current study, their long-term consequences at clinical concentrations on testis function remain uncertain.
Orally low-dose, middle-dose, and high-dose saccharin sodium administered to male mice for 35 days had an effect on the testis in this study. Measures of body weights, water consumption, and food intake allowed the calculation of daily exposure estimates of 0.46, 0.21, and 0.04 g/kg (for more details, see supplemental Table S2 ), which were less than the maximal noneffective dose (0.5 g/kg), and oral lethal half dose in mice (17.5 g/kg) (data from U.S. National Library of Medicine). However, it has been recently reported that the consumption of saccharin is up to 0.21-3.5 mg/kg/day in adults and children, and 11.7 mg/kg/day in adults with diabetes, and this consumption appears to be dependent on the country of origin, year, and availability [87] [88] [89] [90] . Although our study provided average daily saccharin intakes in mice of more than the FDA-defined acceptable daily intake in humans (5 mg/kg) [87] , the extensive use of saccharin remains controversial, and consumers should be informed about the potential risks of using it based on our current study on testis effects of saccharin in mice. 
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